The objective of this work is to describe the production of bifunctional catalysts using the incipient humidity method, producing catalysts with 15 wt.% cobalt supported in SBA-15 molecular sieve, to be applied in the Fischer-Tropsch (FT) reaction. The originality of this work is its focus on the use of a 15 wt.% Co/SBA-15 catalyst in FT synthesis in slurry reactors. The deposition of cobalt over SBA-15 support was accomplished by impregnation with a 0.1-M aqueous solution of cobalt nitrate. The Fischer-Tropsch synthesis was carried out with the catalyst at 240 °C and 20 atm, under a COH 2 atmosphere (molar ratio= 1), in a slurry reactor for 8 hours. X-ray diffraction measurements showed that the calcined cobalt catalyst did not modify the structure of SBA-15, proving that Co was present under the form of Co 3 O 4 in the catalyst. The addition of cobalt in the SBA-15 decreased the specific superficial area of the molecular sieve. The 15 wt.% Co/SBA-15 catalyst had a 40% CO conversion rate and a high selectivity towards the production of C 5 + (53.9% after 8 hours).
INTRODUCTION
Fischer-Tropsch (FT) synthesis is one of the most promising ways for the conversion of coal and natural gas into clean fuel. This synthesis is receiving particular attention, due to the global need to convert non-petroleum-based energy resources into fuels and chemicals ( Cobalt catalysts are preferred in Fischer-Tropsch synthesis (FTS) to obtain long-chain hydrocarbons from synthesis gas due to its high activity per weight of metal, high selectivity to linear paraffins, and high stability toward deactivation by water, which is a by-product of the FTS process The existence of such interaction can stabilize the catalyst against aggregation of active cobalt, and deactivation under FTS conditions. However, strong interaction between support and cobalt decreases both the reducibility and the activity of the cobalt catalyst. Commercial catalysts are based on high levels of cobalt (10-30 wt.%) supported on porous inorganic oxides with a high surface area, such as silica, titanium, and alumina, in order to obtain a higher dispersion of the metal Khodakov and co-workers have investigated the effect of pore size in FTS over cobalt supported on periodic mesoporous SBA-15 and MCM-41 silicas as well as on commercial mesoporous silicas. The FTS reaction rate and C 5 + selectivity increased with the increase of the catalyst's pore diameter. These authors found that Co/SBA-15 catalysts were more active and selective toward C 5 + hydrocarbons than Co/MCM-41, which was ascribed to a higher reducibility of the larger Co 3 O 4 particles formed in the bigger pores of the SBA-15 support (Khodakov et al., 2003) .
In this work, a slurry reactor was used because of the churning nature of the gas bubbles in the process. The slurry phase is well mixed and tends to be isothermal, which gives much better and more flexible control of temperature (Steen and Schulz, 1999). The objective of this work is to describe the production of bifunctional catalysts using the incipient humidity method to produce catalysts with a 15 wt.% cobalt supported in a SBA-15 molecular sieve, and to investigate its application in the Fischer-Tropsch reaction.
EXPERIMENTAL

Preparation of the SBA-15
A SBA-15 material was synthesized according to the procedure reported in the literature (Zhao et al., 1998).
First, 2g of Pluronic P123 (Aldrich) were dissolved in 15g of deionized water and 60g of 2M HCl solution, under constant stirring. Then, 4.25g of tetraethyl orthosilicate (TEOS, 98 wt%, SigmaAldrich) were added to the solution while stirring. This mixture was continuously stirred for 24 hours. The gel mixture was, then, transferred to a Teflonlined autoclave and kept static at 95 o C for two days. The product was centrifuged at 11000 rpm, washed several times with deionized water, and air dried at 100 o C. The material was calcined in static air at 550 o C for 2 hours to remove the polymer template and to obtain the white powder SBA-15. The sample was synthesized with the following molar composition: 1.0 TEOS:0.017 P123:5.7 HCl:193 H 2 O.
Preparation of the Co/SBA-15 Catalyst
The deposition of metal with 15 wt% Co on the SBA-15 support was performed by wet impregnation, using a 0.1-M aqueous solution of cobalt nitrate [Co(NO 3 ) 2 .6H 2 O], and stirring continuously at room temperature for 30 min. The mixture was then dried at 80 C for 24 h. The solid material was submitted to the calcination process from room temperature to 200 °C under a nitrogen flow rate of 100 mL/gcat min, with a heating ramp of 10 °C/min, and kept at the final temperature for 1 h. After this period, the nitrogen flow was replaced by synthetic air and the sample was heated again at 2 °C/min from 200 to 450 °C, and kept at this temperature for 2h.
Characterization of the Samples
X-ray energy dispersion spectrophotometer (EDX):
Elemental analysis was determined through energy dispersive X-Ray spectrophotometry using a Shimadzu EDX-700 instrument.
X-Ray Diffraction (XRD):
Powder diffraction patterns were measured on a Shimadzu XRD 6000. The operational conditions were: Copper Kα radiation at 40 KV/30 mA, goniometer velocity of 2/min with a step of 0.02 over the 2θ-range from 2º to 80º. The average diameter of the sample crystallites was determined by the so-called ).
Nitrogen Adsorption (BET method):
The textural characteristics of the analyzed samples were investigated by isothermal gas adsorption/desorption of N 2 at -196 °C using a Micrometrics ASAP 2020 equipment. The adsorption and desorption N 2 isotherms were obtained in the range of relative pressure (P/P 0 ) between 0.02 and 1.0. The values of the average pore diameter and surface area (S BET ) were obtained by the method proposed (BET).
Fischer-Tropsch Reaction
FTS was carried out in a stirred, semi-batch 500-mL autoclave reactor. The catalyst was suspended in a purified n-paraffin mixture (supplied by Synth, Brazil). It presented a melting point that ranged between 333 K and 335 K and consisted of a mixture of C 28 to C 32 , as determined by gas chromatography coupled to mass spectroscopy (GCMS). The n-paraffin mixture was inert under the present reaction conditions. The reaction was conducted with 5g of catalyst suspended in 150g of paraffin in a high-pressure autoclave reactor (Parr Instruments model 4571). Tests were conducted under 20 atm, at 513 K, with a H 2 :CO feed ratio of 1:1 (Zennaro et al., 2000; Fernandes, 2006; Fontenelle et al., 2011). The synthesis gas was prepared by mixing H 2 and CO through two mass flow controllers (AALBORG GFC-17), enabling the Figure 1 . Scheme of the reaction system used to carry out the Fischer-Tropsch reaction. 1. Gas cylinders; 2. Flow controllers; 3. Reactor; 4. Gas entrainement impeller and magnetic drive; 5. Outlet control valve; 6. High temperature trap; 7. Low temperature water trap; 8. Gas chromatograph.
desired H 2 /CO ratio to be obtained. The feed was introduced into the reactor below the agitator. The reaction was conducted under constant mechanical agitation (800 rpm) (Liu et al., 2009), and a gas entrainment impeller was used to provide constant recirculation of the syngas to the slurry phase ( Figure 1 ).
Data Analysis
The data at any set of process conditions were obtained during 8h mass balance periods when the liquid products were allowed to be accumulated in the reactor. The liquid phase products were analyzed in a Gas chromatograph (Model Thermos Ultra) equipped with thermal conductivity (TCD) and flame-ionization (FID) detectors. Temperature programming (303 K to 573 K) with an OV-1 capillary column (30 m × 0.25-mm i.d. × 0.25-μm film) allowed the identification of liquid-product Fischer-Tropsch hydrocarbons (C 1 to C 40 ). A microcomputer, used for performing data acquisition and process control, also controlled the automatic chromatograph sampling.
Conversion and hydrocarbon selectivity
The conversion of carbon monoxide into hydrocarbons (X CO ) was determined based on the analysis of the data obtained by the TCD and applying the equation (1):
Where, X CO (%) is the conversion of carbon monoxide into hydrocarbons; n°C O and n CO are the initial and final concentration of carbon monoxide in the reactor, respectively.
The selectivity of hydrocarbons was calculated by the following equation (2):
Where, S Cn is the selectivity of a hydrocarbon with n carbons; Area (C n ) is the peak area of a hydrocarbon with n carbons.
RESULTS AND DISCUSSION
The X-ray diffraction profiles at lower and higher diffraction angles of the calcined samples are displayed in Figure 2 . The SBA-15 gave three distinct diffraction lines due to SiO 2 planes (100), (110) After impregnation with Co, the X-ray diffraction profiles were almost unchanged, exhibiting the high diffraction peaks at low angles, indicating that SBA-15 still retained the ordered structure (Figure 3a) . The crystallite size of the Co 3 O 4 structure was calculated with XRD, and an average value of 18.2 nm was obtained. The mean diameters of the crystallites were obtained through the most intense reflections of each phase, and the final average diameter was calculated by the arithmetic mean of the diameters obtained for each reflection (Kollar et al., 2010) .
The chemical composition of the SBA-15 and catalyst samples is displayed in Table 1 . It can be observed that the samples under study had high levels of silica (SiO 2 ), given that the structure of the SBA-15 molecular sieve consists solely of silica. After the process of impregnating cobalt on SBA-15 with a 15 wt.% nominal level in cobalt, it was possible to verify the presence of cobalt oxide (Co 3 O 4 ) in the samples. The desorption curve for this catalyst also showed an H1 hysteresis loop for partial pressures (P/P 0 ) between 0.6 and 0.8, which could be attributed to capillary condensation and evaporation in the internal mesoporous structure of the tubes ( The textural analysis of samples SBA-15 calcined and 15 wt.% Co/SBA-15 are presented in Table 2 .
The combination of techniques (X-ray diffraction and BET adsorption) allows calculating the wall thickness (Beck et al., 1992) . The specific area and total specific pore volume of the calcined SBA-15 molecular sieve given in Table 2 are typical of SBA-15 structures synthesized under similar conditions, as reported elsewhere (Wang et al.,  2007) .
The incorporation of Cobalt within the support leads to a sharp decrease in S BET . The decrease may be attributed to the dilution effect of the support caused by the presence of the supported cobalt oxide phase, or, perhaps, to a partial blockage of the support pores (especially micropores and mesopores), after Co incorporation (Beck et al.,  1992; Martinez et al., 2003) . Figure 6 shows the TPR profile of the supported cobalt oxide particles on the catalyst (15 wt.% Co/SBA-15).
As observed, the samples exhibit three main reduction peaks with a maximum located at the temperatures of 297°C, 335°C, and 360 °C, which correspond to the two-step reduction process where the Co 3 O 4 phase is, first, reduced to CoO and, then, the CoO phase is reduced to Co The TPR profile for the Co/SBA-15 catalysts (Figure 6 ), indicate the reducibility degree of the supported oxide species on this process. Thus, periodically-ordered structures based on silica, used as Co catalyst support, lead to higher metalsupport interactions if compared to amorphous silica (Gonzalez et al., 2009 ). These signals could be attributed to the easy reducibility of surface-Co species at reduction conditions, which could be responsible for the catalytic behavior experimentally observed on this sample.
The results of activity in terms of syngas conversion (X CO ) and selectivity in terms of hydrocarbon product distribution (C 1 to C 5 + , in %), after 4 and 8 hours of reaction with the 15 wt% Co/SBA-15 catalyst, are shown in Table 3 . It is observed that the catalyst shows higher selectivity toward C 5 + (between 47.8 and 53.9 %), which are higher yields than those effected by other catalysts supported on commercial silica and other mesoporous silica, as reported elsewhere The test on catalytic activity has shown that the catalyst has a high response to the production of higher hydrocarbons (C 5 + ). Initially, the catalyst produces a larger amount of light gases (C 1 to C 3 ), which are commercially undesirable. As the reaction progresses, the amount of light gases decreases and the amount of heavy hydrocarbons increases. The increase in the amount of heavy hydrocarbons is related to the formation of a hydrocarbon film around the catalyst particle, and to the partial saturation of the pores of the catalyst with hydrocarbons. Hydrogen acts as reactant and also as chain-transfer agent in carbon polymerization. The excess of hydrogen tends to form hydrocarbons with low carbon number (light gases). The formation of a hydrocarbon film prevents easy access of hydrogen to the active sites of the catalyst and thus, leads to the termination of the hydrocarbon chains. As a result, the amount of heavy hydrocarbons increases as the reaction progresses, until a point where a steady state is reached (at about 4 to 6h of reaction). The decrease of light gases is related mainly to the shift of the reaction towards heavy hydrocarbons, which proportionally reduces the selectivity into light gases.
The increase in olefins as the reaction progresses is also related to the reduction in the amount of hydrogen available in the proximity of the active sites. The pathway to the formation of paraffins requires a chain transfer by hydrogen, while the pathway to the formation of olefins does not require chain transfer by hydrogen. Thus, the reduction of hydrogen near the active site increased the selectivity toward the formation of olefins.
CONCLUSIONS
According to XRD, BET, and EDX results, the SBA-15 support has a structure that includes multilevel mesopores, crystallites, and grains within the original particles. When cobalt is incorporated into the support, the properties of the final catalyst thereby prepared are close to theoretical values, demonstrating the efficiency of the wet impregnation technique. The potential application of the cobalt catalyst supported in the mesoporous SBA-15 was assessed in the Fischer-Tropsch synthesis. The 15 wt% Co/SBA-15 catalyst shows higher selectivity towards C 5 + than commercially supported silica and other mesoporous silica catalysts reported in the literature. Therefore, Co/SBA-15 catalysts may be potentially useful for FTS. 
